Abstract. Interdiffusion in Co-Fe-Ni alloys was studied in 1373-1588 K temperature range. The Danielewski-Holly model was used for the description of the interdiffusion process in ternary CoFe-Ni diffusion couples both for the finite and infinite geometry. Using the inverse method the average intrinsic diffusivities of components in the Co-Fe-Ni system were calculated and compared with the results of the other authors. The activation energies of cobalt, iron and nickel intrinsic diffusion have been found in 1373-1588 K temperature range.
Introduction
The phenomenological description of interdiffusion proposed by Darken [1] is widely accepted for the binary systems. The Darken method was extended by Danielewski and Holly [2] . It describes the process in the bounded mixture (i.e., diffusion couple of finite thickness) showing constant concentration (e.g., in solid or liquid solutions) and for variable diffusivities of the elements. We derived an exact expression describing the evolution of components distributions [3] during interdiffusion in multi-component systems.
In this paper we will present: i) some aspects of the mathematical model of interdiffusion, ii) the inverse method which allows calculation the diffusion coefficients in the multi-component system, iii) results of interdiffusion studies in the Co-Fe-Ni system, iv) comparison of the results with the results of other authors.
Mathematical Model of Interdiffusion
The Danielewski-Holly model of interdiffusion is an initial boundary-value problem for partial differential equations, namely for the equations of mass conservation. The model describes diffusion in solid solutions. The details of the model for multi-component systems have already been published [5, 4] . For readers convenience a brief description of the model is presented below. Data: 1) intrinsic diffusivities of the components:
, 2) time of the process duration: , 4) thickness of the system:
2Λ and average molar concentration of the system: . c Physical laws: 1) the law of the mass conservation of an i-th component:
where the flux, , is a sum of the diffusion flux
, and drift flux [1] , denotes number of components in the system. 
Mathematical Solution to the Model
In order to solve the formulated problem we define new variable that has a physical interpretation and denotes a deviation of the i-th element mole fraction from its average in the alloy (from now on, the variable is called "molar deviation"):
where i N is an average molar fraction of i-th element in the alloy. Using the new variable , the interdiffusion problem can be transformed as follows [
(0, ) ( ).
We will seek the weak solution [6] to the problem (3). It has two advantages: i) we can in the natural way set the initial conditions given by the steep functions (very common e.g. in multi-layers wafers and thin films); ii) the weak solution allows easy transition to the approximate solution and offers the numerical method for its solving. The detailed information on the solution of the interdiffusion problem Eq. (3) (Faedo-Galerkin's approximate solution) has been already published [3] .
In the next section the method which allows determination of the average intrinsic diffusivities in multi-component systems is presented. 
The calculation of the diffusion coefficients is a problem of minimization of the function err in rdimensional space -Eq. (4), where r, as before, means the number of elements in the alloy. The evaluation of error function involves iterations in which we solve the interdiffusion problem (3) for any numbers inserted in the place of the diffusion coefficients. To obtain effective minimization procedure we have used: i) sequential quadratic programming [
, ii) multi-dimension downhill simplex method [8] , iii) evolutionary operation algorithm [9] . The resulting software was used to compute the diffusivities in the Co-Fe-Ni system.
Interdiffusion in Co-Fe-Ni Alloys
The interdiffusion in the Co-Fe-Ni alloys was examined by Vignes and Sabatier [10, 11] . They had performed detailed study of diffusion in Co-Fe-Ni alloys at 1408 and 1588 K. Using Kirkaldy
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analysis [12] they obtained the matrix of interdiffusion coefficients in a wide range of compositions. The binary Co-Fe, Co-Ni and Fe-Ni systems were of great interest as well [10,11,131 415-161718] . The CoFe-Ni alloys can be treated as an ideal one and consequently the thermodynamic interactions can be neglected [11, 19] .
We have studied interdiffusion in the Co-Fe-Ni system in the 1273 -1588 K temperature range. Using the Danielewski-Holly model and the inverse method we have calculated average intrinsic diffusion coefficients of Co, Fe and Ni as a function of temperature. The calculated intrinsic diffusivities give full description of interdiffusion process in the Co-Fe-Ni system, i.e. allow computing the distribution profiles of the elements.
Experimental Procedure
Cobalt, iron and nickel (99.98 pct purity) were used as initial materials. The binary alloys Co-Ni, and Fe-Ni were induction melted to form 1 cm diameter rods. After homogenization in 1573 K for 48 hours in argon atmosphere the rods were sectioned into discs of 1 mm thick with a diamond impregnated cut-off wheel to have parallel faces. The disks were carefully ground and polished using standard metallographic preparation. The compositions of materials were determined by a chemical analysis and the level of homogeneity of materials used in subsequent diffusion experiments were determined by EDS analysis. The actual compositions of samples used for diffusion experiments were Co-51.3±0.1 wt. % Ni and Fe-51.9±0.1 wt. % Ni. The two disks each of the different alloy were assembled together in molybdenum jig forming a diffusion couple. The couples were heat treated in argon atmosphere at temperatures and for the periods of time shown in the Table 1 . The partial oxygen pressure in argon was monitored during experiment and was lower then 10 -6 atm. After annealing each specimen was cut perpendicular to the direction of diffusion and polished using standard metallographic preparation. The concentration profiles were analysed by point-to-point counting techniques using scanning microscope XL300 Philips equipped with EDS Oxford Link Isis Detector and standard ZAF corrections. 
Experimental Results
The diffusion couples investigated in the present work (Table 1 ) and the experimental concentration profiles in the Co-Fe-Ni system for several diffusion couples are presented in the Figure 2 . Having experimental concentration profiles and using the inverse method the average intrinsic diffusion coefficients of Co, Fe and Ni were calculated, Table 2 . The diffusion coefficients of cobalt, iron and nickel in the range between 1373-1588 K follow Arrhenius equation (see Fig. 1 ):
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Using standard linear regression analysis for each component the preexponential factor, , activation energy, and its error (Table 3) were calculated. The calculated intrinsic diffusivities of Co, Fe and Ni show good agreement with the results of other authors for the ternary Co-Fe-Ni system [11] and for the binary Fe-Ni [15,18, [18] and Co-Ni [13, 17, 18] alloys (see Fig.  3 ). In the Figure 2 the experimental and calculated concentration profiles of Co, Fe and Ni (using the Danielewski-Holly model and intrinsic diffusivities from the Table 2 ) are compared. The interdiffusion process generates the diffusion structure on initial nickel distribution, i.e., "uphill diffusion" of nickel. In the finite system (i.e., when the whole diffusion couple is affected by interdiffusion) its "life time" is limited (Fig. 4) . The agreement between the calculated and experimental profiles is observed both for the infinite (Fig. 2) and finite (Fig. 4) systems.
Summary
The generalized Darken method of interdiffusion allows a quantitative description of complex diffusion transport process for an unlimited number of elements. It allows to calculate diffusivities and concentration profiles both for the infinite and finite system. Using the Danielewski-Holly model, the interdiffusion in the Co-Fe-Ni system was analysed and satisfying agreement of the calculated concentration profiles and the experimental ones was observed. The calculated iron intrinsic diffusivity is higher than Ni and Co: and shows satisfactory agreement with data for the binary systems [13] [14] [15] [16] [17] [18] . The temperature dependence of Co, Fe and Ni intrinsic diffusion coefficients in whole examined temperature range (1373-1588 K) suggest one mechanism of diffusion. The values of activation enthalpy of Co, Fe and Ni are similar and may suggest the vacancy mechanism of diffusion in this alloy. Confirmation of this hypothesis involves more complex and detailed examinations. this work D Ni in 25Fe-75Co [11] D Ni in 89Co-11Ni [13] D Ni in 35Fe-65Ni [15] D Ni in 47Co-53Ni [18] [20] 
